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PURPOSE. We developed a combined biomechanical and hemodynamic model of the
human eye to estimate blood flow and oxygen concentration within the lamina cribrosa
(LC) and rank the factors that influence LC oxygen concentration.
METHODS. We generated 5000 finite-element eye models with detailed microcapillary
networks of the LC and computed the oxygen concentration of the lamina retinal ganglion
cell axons. For each model, we varied the intraocular pressure (IOP) from 10 mm Hg to
55 mm Hg in 5-mm Hg increments, the cerebrospinal fluid pressure (13 ± 2 mm Hg),
cup depth (0.2 ± 0.1 mm), scleral stiffness (±20% of the mean values), LC stiffness (0.41
± 0.2 MPa), LC radius (1.2 ± 0.12 mm), average LC pore size (5400 ± 2400 μm2), the
microcapillary arrangement (radial, isotropic, or circumferential), and perfusion pressure
(50 ± 9 mm Hg). Blood flow was assumed to originate from the LC periphery and drain
via the central retinal vein. Finally, we performed linear regressions to rank the influence
of each factor on the LC tissue oxygen concentration.
RESULTS. LC radius and perfusion pressure were the most important factors in influencing
the oxygen concentration of the LC. IOP was another important parameter, and eyes with
higher IOP had higher compressive strain and slightly lower oxygen concentration. In
general, superior–inferior regions of the LC had significantly lower oxygen concentration
than the nasal–temporal regions, resulting in an hourglass pattern of oxygen deficiency.
CONCLUSIONS. To the best of our knowledge, this study is the first to implement a compre-
hensive hemodynamical model of the eye that accounts for the biomechanical forces and
morphological parameters of the LC. The results provide further insight into the possible
relationship of biomechanical and vascular pathways leading to ischemia-induced optic
neuropathy.
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Open angle glaucoma (OAG) is an optic neuropathycharacterized by a progressive loss of retinal ganglion
cells (RGCs) that could be caused by excessive mechani-
cal stress or other less well understood mechanisms, such
as vascular deficiency. The primary risk factor for OAG is
elevated intraocular pressure (IOP); however, the causal link
between elevated IOP and RGC loss has yet to be clearly
established. Indeed, up to a third of OAG patients do not
have elevated IOP, and not all individuals with significantly
elevated IOP (greater than 21 mm Hg) develop glaucoma.1
Numerous sources of mechanical load, including IOP,2 cere-
brospinal fluid pressure (CSFP),3 and optic nerve traction,4,5
have been speculated to cause RGC axonal death by induc-
ing biomechanical insult to the ONH tissue. It is envisaged
that these insults may cause direct mechanical damage to
the RGC or/and disruption to the axonal transport of essen-
tial trophic factors.6–8 Another possible pathway for RGC
damage is vascular deficiency, and it is speculated that alter-
ations in the structures of the optic nerve head (ONH), due
to a modified biomechanical environment or poor ocular
hemodynamics, could lead to ischemic RGC death.9–12
To date, both mechanical and vascular factors have been
assumed to be involved in glaucoma pathogenesis, but the
relationship between these factors remains unclear. In our
previous work, we investigated the hemodynamical aspects
of OAG by developing computational fluid dynamics (CFD)
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TABLE 1. Study Parameters (Independent Variables), Normal Distribution, and Range of Values
Type Parameters Normal Distribution Mean ± SD Value Range‡ (min, max) Ref.
Morphometric LC radius (mm) 1.2 ± 0.12 (0.83, 1.6) Rosenberg et al.68
Pore size (μm2) 5400 ± 2400 (1200, 10,500) Brown et al.69
Anisotropy* 0.0037 ± 0.55 (–1.8, 2) Roberts et al.70
Cup depth† (mm) 0.2 ± 0.1 (0, 0.5) Jonas and Budde71
Hemodynamics Perfusion pressure (mm Hg) 50 ± 9 (23, 75) Mozaffarieh et al.72
Biomechanics IOP (mm Hg) Stepwise in increments of 5 mm Hg (10, 55) —
CSFP (mm Hg) 13.0 ± 2 (7, 19) Feola et al.3
LC stiffness (MPa) 0.41 ± 0.2 (0.08, 1.00) Zhang et al.29
Scleral stiffness (ratio)§ 1 ± 0.2 (0.22, 1.53) Girard et al.50
* Positive values indicate a radial arrangement of the microcapillaries; negative values, a tangential arrangement; and 0, an isotropic
arrangement.
† Positive values denote posterior cupping (downward).
‡ Minimum values of LC radius, pore size, cup depth, perfusion pressure, IOP, CSFP, LC, and scleral stiffness are bounded at 0.
§ This ratio is a multiplier of normal stiffness values (C1 = 0.802, C2 = 0, C3 = 0.0127, C4 = 1098) for Mooney–Rivlin Von Mises distributed
fibers.
models of the lamina cribrosa (LC), a sieve-like network
of collagenous connective tissue and microcapillaries that
mechanically supports and nourishes the RGCs.13 We found
that morphological parameters of the LC, particularly the
increase in LC radius, had an adverse impact on LC blood
flow and could lead to ischemia.12 Given the technical limi-
tations involved in experimentally characterizing blood flow
in the LC microcapillary network, our computational model
represented a powerful alternative to study the involvement
of blood flow in glaucoma pathogenesis. However, in our
previous study we did not include the elasticity of tissues,
IOP and CSFP loads, or their potential impacts on blood flow.
A few computational studies have emerged to study the
effects of IOP on LC hemodynamics; for example, a CFD
study by Carichino et al.14 suggested that an increase in IOP
reduces the blood flow velocity in the central retinal artery,
and a poroelastic model by Causin et al.15 suggested that an
IOP increase could disrupt ONH blood flow. However, no
studies have modeled the detailed morphometric features
of the LC microcapillary network. With recent experimental
data by Brazile et al.,16 suggesting that IOP could affect the
morphology of the LC microcapillary and with the avail-
ability of improved imaging techniques (e.g., photoacoustic
imaging) capable of visualizing the LC microcapillary in
vivo,17 we believe that it is of great importance to study the
influence of biomechanical forces on the LC microcapillary
hemodynamics to complement the experimental data.
The goal of this study was to apply finite-element (FE)
analysis to estimate the compressive strain experienced by
the LC microcapillary network under IOP and CSFP loads,
incorporating a CFD approach to estimate the LC blood flow
and oxygen concentration. Specifically, we aimed to study
the effects of biomechanical parameters (IOP, CSFP, scleral
stiffness, and LC stiffness), morphometric parameters of
the LC (pore size, LC radius, cup depth, and microcapillary
arrangement), and a hemodynamics parameter (perfusion
pressure) on the blood flow and oxygen distribution within
the LC.
METHODS
The general overview of our methodology is as follows:
First, we generated 5000 eye models, each with varied
morphometric parameters (LC radius, cup depth, LC pore
size, and LC microcapillary arrangement, referred to herein
as anisotropy), biomechanical parameters (LC and scle-
ral stiffness), loading conditions (IOP and CSFP), and a
hemodynamics characteristic (perfusion pressure), using
custom-made software. The methods used to generate the
network and descriptions of the parameters were described
in our previous work.18 So, for each eye model we varied
eight unique parameters (excluding the IOP) simultaneously
by randomly assigning a value to each parameter based on
a predefined normal distribution (described in Table 1). The
IOP was varied from 10 mm Hg to 55 mm Hg in increments
of 5 mm Hg, and 500 models were built for each IOP value.
Second, we performed FE analysis using the FEBio Software
Suite19 to estimate the compressive strain in the LC under
IOP and CSFP loads. Third, we calculated the change in
dimension (compression) of the microcapillary lumen diam-
eter based on the compressive strain derived from FE analy-
sis. Fourth, we employed CFD analysis to approximate blood
flow characteristics in the LC microcapillary and oxygen
concentration of the RGC axons situated within the LC.
General Assumptions of the LC Microcapillary
Network Morphology and Blood Flow
We made the following key assumptions in all our models:
(1) The LC microcapillary network is a curved surface that
follows the shape of the anterior LC surface. (2) Each LC
collagenous beam contains a capillary in its center supply-
ing nutrients and oxygen to the surrounding axons.20 (3)
The LC beams, and thus the microcapillaries, are parallel to
the LC surface. (4) The microcapillary lumen have a uniform
diameter of 8 μm prior to being loaded with biomechanical
forces.21 (5) Oxygenated blood, originating from the Circle
of Zinn–Haller or the short posterior arteries, feeds the LC
uniformly at its periphery.22 (6) Venous drainage of the LC
microcapillaries occurs through the central retinal vein in
the LC center.23 (7) The central retinal vein pressure is equal
to the value of IOP,24 and the arterial pressure is equal to
the central retinal vein pressure plus the perfusion pres-
sure. (8) RGC axons are homogeneous and are distributed
uniformly across the LC. (9) The LC microcapillary network
and the oxygen-consuming neural tissues are situated in the
middle of the LC thickness (in this study, we assumed that
the LC tissue thickness was 300 μm and the LC microcapil-
lary network was situated at a depth of 150 μm with respect
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FIGURE 1. (a) Finite-element model of the eye. (b) Optic nerve head LC microcapillary network embedded in the LC tissue. Blood flow
originates from the LC periphery and drains in the central retinal vein. (c) LC posterior displacement under 50 mmHg IOP load. (d) Illustration
of a single-element LC with a single microcapillary passing through the middle of the element. As IOP and CSFP loads are applied, the element
will undergo compression along the axial axis (y-axis). Microcapillaries embedded in the element will proportionally change their shape.
to the anterior LC surface). (10) Finally, the microcapillaries
lumen retain a circular cross section under compressive load.
FE Model of the Eye
We adapted a half-eye model (Fig. 1a) with a plane of
symmetry along a transverse direction, based on previous
works by Wang et al.25 and Sigal et al.,26 incorporating a scle-
ral shell inner radius of 12 mm and an optic nerve length of
2 mm. The thicknesses of three layers of the globe—sclera,
choroid and retinal—were 0.9 mm, 0.2 mm, and 0.249,
mm respectively.27 The ONH region was comprised of the
LC, prelamina tissue, choroid, and peripapillary sclera. The
optic nerve region consisted of dura, pia, and post-LC tissue.
The thickness of the LC was 300 μm. Constitutive models
and their biomechanical properties were assigned for the
eye tissues according to Supplementary Material A.
Constitutive models and their biomechanical properties
were assigned for the eye tissues according to Table 2.
Specifically, the sclera was modeled as a Mooney–Rivlin
material with reinforced collagen fibers (following a von
Mises distribution for orientation).28 The collagen fibers in
the peripapillary sclera that surrounded the peripapillary
border tissues (PBTs) were organized into a ring.29 The
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TABLE 2. Constitutive Model and Biomechanical Properties for Eye Tissues
Tissue Constitutive Model Biomechanical Properties Ref.
Sclera Mooney–Rivlin Von Mises
distributed fibers
C1 = 0.805
C3 = 0.01269
C4 = 1102.25
θp: preferred fiber orientation
Girard et al.50
Dura Neo-Hookean Elastic modulus = 3 MPa
Poisson’s ratio = 0.49
Wang et al.4
LC Isotropic elastic Elastic modulus = 3 MPa
Poisson’s ratio = 0.49
Zhang et al.29
Choroid Isotropic elastic Elastic modulus = 0.6 MPa
Poisson’s ratio = 0.49
Friberg et al.73
Retina Isotropic elastic Elastic modulus = 0.03 MPa
Poisson’s ratio = 0.49
Miller74
Post-lamina tissue Isotropic elastic Elastic modulus = 0.03 MPa
Poisson’s ratio = 0.49
Miller74
Pia Neo-Hookean Elastic modulus = 3 MPa
Poisson’s ratio = 0.49
Wang et al.4
Peripapillary border tissue Isotropic elastic Elastic modulus = 3 MPa
Poisson’s ratio = 0.49
—
PBTs, the pia, and the dura mater were assumed to be
isotropic elastic (neo-Hookean) with the same stiffness. For
these tissues, the material properties were obtained from
Wang et al.4 The LC was also modeled as an isotropic elastic
material (neo-Hookean) for simplicity. Incompressibility
and hyperelasticity were assumed for all soft tissues.
A convergence test, using the LC effective strain as
reference, was conducted to derive the appropriate mesh
size of the model. Specifically, we increased the number of
elements from 8640 in increments of 1000 until the error
of the LC average effective langrage strain (compared with
the previous number of elements used) was less than 1e-5.
Based on the convergence test, an appropriate number of
elements for all FE models was determined to be 13,640. All
tissues were meshed using eight-node hexagonal elements.
Mesh generation and solving of the FE models were accom-
plished by using FEBio, a nonlinear FE solver designed for
biomechanical studies.19
For boundary conditions, the posterior end of the optic
nerve was fixed in place, and the nodes that belonged to the
plane of symmetry were not allowed to displace out of this
plane. There were no contact definitions, as all of the nodes
along the tissue interfaces were shared. We applied two
loading conditions, the IOP and the CSFP, at the inner limit-
ing membrane and within the arachnoid space, respectively.
Across FE models, we varied the following characteristics
simultaneously to study their influence on the LC blood flow
and oxygen concentration—LC radius, cup depth, LC stiff-
ness, sclera stiffness, and CSFP—based on the normal distri-
butions of the variables (mean ± SD) obtained from other
literature (Table 1), whereas IOP was varied in increments.
We defined cup depth as the distance from the insertion
point of the anterior surface of the LC to the lowest point
of the anterior surface (Fig. 1a). Scleral stiffness was varied
by multiplying a ratio value (1 ± 0.2) by baseline values of
Mooney–Rivlin Von Mises distributed fiber coefficients.
FE Analysis to Predict Compressive Strain and
Microcapillary Lumen Deformation
In order to translate the strain experienced in the LC to the
microcapillary network, we assumed that the microcapillary
network was situated in the middle of the LC thickness
(Fig. 1b) and that any strain and displacement experienced
in the LC element (eight-node hexahedron) were translated
to the segment of the microcapillary network embedded
within the element (Fig. 1c). Because of the IOP and
CFSP loads (Fig. 1d), it was observed that the LC most
often exhibited large compressive strains along the axial
direction. Assuming homogeneity (same biomechanical
properties) between the microcapillary and the LC tissue
element, we applied LC compressive strain directly to the
microcapillary in the middle of the element, resulting in
a compression of the microcapillary from a circular cross
section to an oval cross-section with a minimal radius along
the axial direction (Fig. 1d).30
Calculation of the average compressive strain in each LC
element was simplified, and it was similar to the calculation
of strain based on uniaxial compression.31 Given the hexa-
hedral mesh, we took an average strain of the four edges
along the axial direction (y-direction in Fig. 1d) to be an
approximation of the average compressive strain within the
LC element according to Equation 1:
εavg =
∣∣∣LaLa + LbLb + LcLc + LdLd
∣∣∣
4
(1)
Here, L is the change in length along each edge (a, b, c,
and d) as defined in Figure 1d, and L is the original length
of each edge. Assuming that the microcapillary lies in the
middle of the element, its diameter after compression can
be approximated with the following equation:
Dcompressed = Doriginal − εavg ∗ Doriginal (2)
Here, Dcompressed is the diameter of the microcapillary after
applying the compressive strain, and Doriginal is the original
diameter of the microcapillary (8 μm). We assumed in this
study that the lumen of the blood microcapillary always
retained its circular cross-section with a decrease in diam-
eter from a baseline of 8 μm to a circular cross section with
an equivalent minimum radius of an oval under compressive
strain.
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Hemodynamics Model of Blood Flow and Oxygen
Consumption
We modeled blood flow as a non-Newtonian fluid whose
behavior can be described using the incompressible Navier–
Stokes equations (Equations 3 and 4):32
ρ
∂u
∂t
− η∇2u+ ρ (u · ∇)u = F − ∇p (3)
∇ · u = 0 (4)
Here, ρ is the blood density (kg/m3), η (Pa·s) is the blood
viscosity, u is the blood velocity field (m/s), p is the blood
pressure (Pa), and F is the volume force (N/m3). We assumed
a fully developed blood flow profile, a zero volume force,
and a steady-state condition. The apparent blood viscosity
η in microvessels was modeled as a function of vessel
diameter and discharge hematocrit according to previous
works by Pries et al.33,34 In addition, the hematocrit parti-
tioning at vessel bifurcations modeled as a function of flow
rates, diameters of the vessels, and the hematocrit of the
parent vessel, according to the equations (not listed herein)
described by Pries et al.35
We describe the diffusion of oxygen in tissues and
microcapillaries with Equation 5 (Fick’s law of diffusion)
and consumption of oxygen in tissue with Equation 6
(Michaelis–Menten relationship):
Dα∇2C = M(C) (5)
Here, D is the diffusion coefficient of oxygen of the nervous
tissues (m2/s), α is the solubility coefficient of oxygen in
nervous tissue, C is the oxygen concentration inside the
nervous tissues (mol/m3), and M(C) is the oxygen consump-
tion rate of the nervous tissues (mol/m3/s) which can be
approximated by the following equation:
M(C) = M0C/ (CMM + C) (6)
Here, M0 is the tissue-dependent maximum oxygen
consumption rate, and CMM is the Michaelis–Menten
constant corresponding to the oxygen concentration where
the consumption rate is 50% of M0. The value of M0 for the
RGC tissue has not been measured, and we approximated it
to be 0.000225 mol/m3/s; this value was close to the M0 of a
tumor tissue36 and resulted in our average eye model (IOP
= 15 mm Hg, and all other parameter values set at mean)
being barely above the hypoxic level of 5 mm Hg O2.37 We
assumed M0 to be uniform throughout the nervous tissues.
f (CP ) = Q (4CHb × H × SO2 (CP ) + CP ) (7)
Oxygen transport along a microcapillary segment can
be described by Equation 7, where f is the rate of convec-
tive oxygen transport within the microcapillary segments
(mol/s), CP is the oxygen concentration in plasma (mol/m3),
Q is the volume flow rate (m3/s), CHb is the concentration
of hemoglobin-bound oxygen in a fully saturated red blood
cell, and H is the hematocrit. We assumed CHb to be constant
for all capillary segments. SO2(C) represents the oxygen–
hemoglobin saturation function approximated by the Adair
equation.38 The blood flow and oxygen transport along the
microcapillary segment are described in Figure 2a. Conser-
FIGURE 2. (a) Blood flow parameters (velocity and pressure)
were calculated for each microcapillary branch. Oxygen concen-
tration was also calculated along the length of the capillaries
as oxygen diffused out of the vessel to be consumed by the
RGCs. Hemoglobin travels with blood flow and acts as the main
transporter of oxygen. The hematocrit (Hc) was calculated at each
branching point of the microcapillaries, such as when the Hc of the
parent branch (HcParent) is redistributed to two daughter branches.
(b) Oxygen-consuming RGCs are modeled as point sources (blue
dots) embedded throughout the microcapillary network (red lines).
vation of oxygen mass was governed by the following
equation:
df (CP )
ds
= −q (s) (8)
Here, s is the distance along the microcapillary length, and
q is the rate of oxygen diffusion out of the microcapillary
per unit length. The oxygen concentration for CP at the inlet
node (s = 0) is 80 mm Hg O2.39
At the microcapillary wall–tissue interface, the following
boundary condition for diffusion of oxygen out of the
microcapillary was applied:
q (s) = −DαR
∫ 2π
0
∂C
∂r
dθ (9)
Here, R is the vessel radius and r is the radial distance from
the centerline. At the vessel–tissue interface (radius R), we
assumed that CP is equal to the tissue oxygen concentration
(C).
We employed a Green’s function method, according
to computational work by Secomb et al.,40 whereby the
oxygen-consuming neural tissue nodes were modeled as
point sources distributed throughout the microcapillary
network (Fig. 2b). The density of the neural tissue node
was fixed at 300 nodes/mm2 with respect to the LC surface
area. On average, each LC contained 1580 neural tissue
nodes representing the RGCs. The boundary condition for
the neural tissue region was considered to be an infinite
boundary with no tissue nodes found outside the LC
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microcapillary region. A list of constants used in hemody-
namics and the Green’s function method of computation
are provided in Supplementary Material B.
Study Parameters
In this study, each model was built with a unique set of 9
parameters (listed in Table 1) that defined the morphology,
biomechanics, and hemodynamics of the ONH. IOP was
varied stepwise, and all other parameters were varied based
on a predefined normal distribution.
Main Outputs
A total of 5000 models (FE model and LC hemodynamics)
were solved and the main outputs were the oxygen concen-
tration in the LC neural tissue nodes at steady state, the
compressive strain field in the LC, and the LC displacement
field. The main parameter we were investigating in this
study was the average oxygen concentration, which we
defined as the average value of oxygen concentration across
all LC tissue nodes in a model.
Data Processing and Statistical Analysis
We performed a multivariable linear regression for each
parameter in Table 1 with respect to the average value
of oxygen concentration of all tissue nodes in each LC
network, the compressive strain, and the displacement of
the LC. We then ranked the influence of each parameter
based on the magnitude of the coefficient (β) obtained from
multivariable linear regression analysis.
Specifically, the multivariable linear regression analysis
that we used is described by the following equation:
yi = βXi + ei (10)
Here, yi is a vector of values for dependent variables (i.e.,
average oxygen concentration), Xi is the matrix of our
study parameters (e.g., LC radius, pore size, cup depth), β
is a vector of regression coefficients for each independent
variable, and ei is the vector of error terms with respect to
the regression coefficient. The multi-variable regression was
computed in MATLAB with a built-in function mvregress,
which employs an ordinary multivariate normal maximum
likelihood estimation to deduce β. In addition, prior to
regression, the value of each study parameter was normal-
ized using standard z-distribution (to obtain a mean of 0
and standard deviation of 1) to account for a difference in
each variable’s distribution.
We also identified the hypoxic neural tissue nodes in
each model that had oxygen concentrations of less than 5
mm Hg O2. The level of oxygen concentration that could
lead to RGC hypoxia is unknown, and our definition of 5
mm Hg O2 is in between the hypoxic levels of brain tissue
(10 mm Hg O2)37 and skeletal muscle tissue (1 mm Hg
O2).41 We further defined hypoxic LC as having at least one
hypoxic tissue node (out of 1580 nodes).
To compare the values of the dependent variables (e.g.,
average oxygen concentration) between two groups with
equal sample sizes (eyes with 15 mmHg vs. eyes with 55 mm
Hg), we used a standard t-test with 95% confidence intervals
(MATLAB ttest2 function; MathWorks, Natick, MA, USA).
Case Study: The Effects of Study Parameters on
the Change in Average Oxygen Concentration
when IOP was Raised
We performed a comparative study across 2000 additional
models, where we increased the IOP from 18 mm Hg to 55
mm Hg and kept the CSFP constant at 13 mm Hg. The rest
of the parameter values followed the distributions given
in Table 1. We then performed a multivariable linear regres-
sion to rank the influence of each parameter in Table 1,
except the IOP and CSFP, with respect to the magnitude of
the change in oxygen concentration after the IOP increase.
RESULTS
LC Displacement and Change in Microcapillary
Lumen Diameter
We observed that, for every model, the LC displaced poste-
riorly (cupping) under IOP and CSFP loads, with an average
posterior displacement of 50 μm, ranging from 8 to 133 μm.
The LC microcapillary network, which was embedded in the
middle of the LC tissue, also displaced proportionally. The
average magnitude of compressive strain in the LC for all
models was 0.7 ± 0.3%, resulting in a 0.06 ± 0.02 μm average
decrease in the microcapillary lumen diameter. According
to multivariable linear regression analysis (Table 3c), an
increase in IOP was found to be the most important
parameter that increased the LC posterior displacement and
decreased the microcapillary lumen diameter.
Differences in Average Oxygen Concentration
Between Each LC Region
The average oxygen concentration (mm Hg O2), with
respect to each region of the LC, across all 5000 models
is shown in Figure 3a. Specifically, the average oxygen
concentration in the peripheral region (40 mm Hg O2)
was significantly higher (t-test P < 0.05) than it was in the
central region (30 mm Hg O2). In addition, the average
oxygen concentration at the nasal–temporal region (38 mm
Hg O2) was significantly greater (t-test P < 0.05) than in
the superior–inferior region (32 mm Hg O2), resulting in a
distinct hourglass pattern of oxygen distribution as shown
in Figure 3b. The overall average oxygen concentration
across all LC networks was 38.2 ± 7.1 mm Hg O2. We also
found that 80% of the hypoxic neural tissue nodes across
all models were located in the superior–inferior region.
Influence of Study Parameters on the Average
Oxygen Concentration
The factors influencing average oxygen concentration the
most were, in order of importance, perfusion pressure (β
= +4.79), LC radius (β = –3.42), pore size (β = –1.65),
anisotropy (β = +0.68), IOP (β = –0.49), LC stiffness (β =
+0.30), scleral stiffness (β = +0.21), CSFP (β = –0.11), and
cup depth (β = –0.05). The rankings based on regression
results are summarized in Figure 4a.
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TABLE 3. Multivariable Regression Results
Ranking of the Influence of Input Parameters with Respect to Rank Parameter Beta Coefficients
Average oxygen concentration 1 Prefusion pressure +4.79
2 LC radius –3.42
3 Pore size –1.65
4 Anisotropy +0.68
5 IOP –0.49
6 LC stiffness +0.30
7 Scleral stiffness +0.21
8 Cup depth –0.11
9 CSFP –0.05
Compressive strain* 1 IOP +0.46
2 LC stiffness –0.32
3 LC radius +0.27
4 CSFP +0.22
5 Scleral stiffness –0.24
6 Cup depth +0.21
LC posterior displacement* 1 IOP +0.70
2 LC stiffness –0.43
3 LC radius +0.41
4 Cup depth –0.14
5 Scleral stiffness –0.08
6 CSFP –0.05
Changes in average oxygen concentration under elevated IOP† 1 Cup depth +1.28
2 LC stiffness –1.05
3 Radius +0.45
4 Perfusion pressure –0.25
5 Anisotropy –0.038
6 Scleral stiffness –0.033
7 Pore Size –0.008
* Only six biomechanically relevant parameters were included in the rankings.
† Because IOP and CSFP were fixed, they were excluded from this ranking.
Effects of LC Radius on the Average Oxygen
Concentration
LC radius was one of the most influential factors that
affected both the compressive strain and average oxygen
concentration in the LC. In general, an increase in LC
radius of 1 SD (+0.1 mm) resulted in a 0.07% increase
in compressive strain and a 3.43-mm Hg O2 decrease in
average oxygen concentration. Scatterplots showing the
effects of LC radius on compressive strain and average
oxygen concentration are provided in Figure 4b.
Effects of Sclera Stiffness on the Average Oxygen
Concentration
Sclera stiffness was ranked second to last among all the
parameters according to its influence on oxygen concentra-
tion; however, scleral stiffness still had notable effects on
both compressive strain and average oxygen concentration.
An increase in scleral stiffness of 1 SD (+20% in stiffness
coefficients) resulted in a 0.04% decrease in compressive
strain and a 0.17-mm Hg O2 increase in average oxygen
concentration. Scatterplots showing the effects of scle-
ral stiffness on compressive strain and average oxygen
concentration are given in Figure 4c.
Effects of IOP on the Average Oxygen
Concentration
IOP was the most important parameter in affecting the
compressive strain according to the ranking Table 3b.
The relationship between compressive strain and IOP is
provided in Figure 5a. An increase in IOP from 15 mm Hg to
30 mm Hg resulted in a 0.3% increase in compressive strain.
With respect to IOP influence on oxygen concentration,
IOP was ranked fifth among the nine parameters (Fig. 4a).
Between eyes with IOPs of 15 mm Hg (n = 500) and
55 mm Hg (n = 500), the eyes with IOP of 15 mm Hg had
higher (+1.8 mm Hg O2) average oxygen concentrations
than the eyes with IOP of 55 mm Hg (t-test P < 0.05). Eyes
with IOP of 55 mm Hg were also more susceptible to having
hypoxic tissue, with 8.1% of the high (55 mm Hg) IOP eyes
containing at least one hypoxic node in comparison to 3.2%
in the low (15 mm Hg) IOP eyes. The adverse effects of
IOP increase were less pronounced when we considered
the eyes with a more conventional pathological IOP value
of 30 mm Hg. These eyes had a slightly lower (–0.7 mm Hg
O2), albeit statistically significant (t-test P < 0.05), average
oxygen concentration than eyes with IOP of 15 mm Hg.
Figures 5c–5d depict the influence of elevated IOP on
compressive strain and average oxygen concentration in a
single model.
Effects of Study Parameters on the Change in
Average Oxygen Concentration when IOP was
Elevated
When the IOP was raised from 18 mm Hg to 55 mm Hg
(2000 cases), the average change in oxygen concentration
was –1.75 ± 2.3 mm Hg O2. The factors influencing the
change in average oxygen concentration the most were, in
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FIGURE 3. (a) Average values of oxygen concentration with respect to each region of the LC across all 5000 models. (b) Heat map of the
density of hypoxic tissue (less than 5 mm Hg O2) nodes across all models. This was created by selecting hypoxic tissue nodes for every
model and plotting its relative location on a single map. Red areas have a high density of hypoxic tissue, and blue areas have a low density
of hypoxic tissue. This distinct hourglass pattern reveals a superior–inferior region containing more hypoxic tissue.
order of importance, cup depth (β = +1.28), LC stiffness
(β = –1.05), radius (β = +0.45), perfusion pressure (β
= –0.25), anisotropy (β = –0.038), scleral stiffness (β =
–0.033), and pore size (β = –0.008). The rankings based on
regression results are summarized in Figure 6.
DISCUSSION
In this study, we developed a novel combined CFD and
FE eye model to predict blood flow and oxygen concen-
tration of the LC under biomechanical loads. We were
able to use the model to finely control and investigate
the most influential morphometric, hemodynamic, and
biomechanical parameters. Our models predicted that LC
oxygen concentration was highly influenced by the LC
radius and perfusion pressure. Biomechanical factors, such
as the IOP, CSFP, and scleral stiffness, were ranked lower
in their influence as compared with LC morphometric and
hemodynamic factors, but they still had an important impact
on the LC oxygen concentration. Specifically, higher IOP
increased the compressive strain in the LC and resulted in
a lower average oxygen concentration.
Across models, our FE analysis predicted an increase in
ONH posterior deformation at larger IOPs, with an average
posterior displacement of 50 μm (consistent with reported
experimental values).42 We also found that compressive
strain increased gradually from the peripheral region of
the LC toward its center, resulting in a greater reduction of
microcapillary radius in the central region. This implied that
the microcapillary was more prone to collapse in the central
region of the LC under compressive strain; however, the
average magnitude of the decrease in blood capillary lumen
diameter was relatively small (0.06 μm) compared with the
baseline diameter of 8 μm, and we did not observe any total
collapse of the capillaries within our model’s assumptions.
A decrease in blood capillary diameter increased the flow
resistance and decreased the blood flow rate (according
to our preliminary study, an average collapse of 60 nm
resulted in a 5% reduction in flow rate), resulting in less
efficient oxygen transport and lower oxygen concentrations
in the LC tissue.
With respect to average oxygen concentrations in each
region of the LC (Fig. 3a), the superior and inferior quad-
rants had notably lower average oxygen concentrations
than the nasal and temporal quadrants. This, in effect,
created an hourglass pattern of oxygen distribution that
could be related to the pattern of neural axon loss reported
in previous literature,43,44 where the neural tissue in the
superior and inferior regions of the optic nerve was more
susceptible to damage in glaucoma. We also plotted the
distribution of hypoxic tissue nodes across all models
(Fig. 3b) and found that approximately 80% of hypoxia
instances were located in superior and inferior regions. In
addition, we found that the inner region of the LC (inner
20% of the diameter) had markedly lower oxygen concen-
trations than the outer region, consistent with our previous
work.12 We found no significant differences in oxygen
concentration between superior versus inferior regions
and nasal versus temporal regions. It should be noted that
the difference in average oxygen concentration between
regions was an expected result given that our morphological
definitions created an hourglass pattern of blood vessel
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FIGURE 4. (a) Bar chart showing the result of multivariable linear regression to rank the importance of all independent variables with
respect to average LC oxygen concentration. (b) Scatterplot showing the effects of LC radius on average LC compressive strain and average
LC oxygen concentration. (c) Scatterplot showing the effects of scleral stiffness on compressive strain and average oxygen concentration.
density within the LC. Also, it could be inferred without the
use of simulations that the inner region of the LC should
have lower average oxygen concentrations. However, we
have shown here, for the first time, that the differences in
oxygen concentration between each region were statistically
significant, using a large number of computational models
based on the detailed morphological characteristics of the
LC.
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FIGURE 5. (a) Box plot showing the relationship between average compressive strain and IOP for 5000 models. Each bar represents 500
models with the same value of IOP. (b) Box plot showing relationship between average oxygen concentration and IOP for 5000 models. (c)
A single model comparison of strain in the optic nerve head under IOP of 15 mm Hg and IOP of 55 mm Hg. The values for other parameters
are kept at mean. (d) A single model comparison of average oxygen concentration in the LC under IOP of 15 mm Hg and IOP of 55 mm Hg.
Similar to our previous work,12 we found that the most
influential parameters with regard to LC average oxygen
concentrations were perfusion pressure and LC radius.
One notable difference was that LC pore size is now a
more important parameter in our predictions, due to the
inclusion of neural tissues in the LC pores in this study, with
an increase in average pore size resulting in a considerable
decrease in average oxygen concentration. This may account
for the observed hourglass pattern of oxygen distribution,
as superior and inferior regions of the lamina cribrosa had
larger pores than the nasal and temporal regions.45 We
also found that the LC oxygen concentration was primarily
affected by the LC morphometric features (pore size and LC
radius) and hemodynamics parameter (perfusion pressure),
rather than the biomechanical parameters (IOP, CSFP, and
tissue stiffness), according to our ranking. Thus, the LC
morphometric features, in particular the radius, could be
the main predictors of neural tissue insult due to ischemia.
We found that the LC radius had a twofold effect on
the average oxygen concentration. First, an increase in LC
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FIGURE 6. Bar chart showing the result of multivariable linear
regression to rank the importance of independent variables (except
IOP and CSFP) with respect to the magnitude of change in oxygen
concentration when IOP is increased from 15 mm Hg to 55 mm Hg
(other parameters remained constant) across 2000 models.
radius significantly increased the LC compressive strain
(Fig. 4b), resulting in greater compression of capillaries
and worse oxygen transfer. This effect can be explained
biomechanically as the increase in lamina cribrosa diameter
will increase the distance between a soft LC tissue and a
supportive peripapillary sclera ring, resulting in impeded
transfer of IOP-induced stresses and strains away from the
LC.46 Second, the increase in LC radius would increase the
total length of the microcapillaries in the network, resulting
in an increase in flow resistance (according to Poiseuille’s
equation) and a decrease in blood flow rate. Therefore, it
can be said that the LC radius was important both biome-
chanically and hemodynamically. A slight increase in LC
radius (+0.1 mm from a mean of 1.2 mm) would decrease
the average oxygen concentration by 3.5 mm Hg O2. This
may explain why people of African descent, who have
large optic discs,47 are more susceptible to glaucoma.48 In
addition, it was observed that the normal tension glaucoma
population tends to have larger optic discs,49 which could
suggest that one of the underlying causes for normal tension
glaucoma could be due to poor LC hemodynamics, but this
remains to be demonstrated.
We also found that eyes with stiffer sclera (both peripap-
illary and peripheral sclera) had lower compressive strain,
which resulted in better blood flow and oxygen distribution
(Fig. 4c). Despite having a small impact as compared with
other factors in this study, scleral stiffness was still an impor-
tant parameter to investigate given the fact that the sclera has
been shown to become stiffer with aging.50 It has also been
suggested that a stiff sclera provides protective mechanisms
for the ONH from IOP-induced deformation and strains.51
Our result support the idea and further suggest that a stiff
sclera could also be beneficial to the LC blood flow.
The biomechanical effects of IOP on the eye have
been extensively studied; however, the impact on ONH
blood flow is still not well understood. In this study, we
found that an increase in IOP is predicted by our models
to significantly increase compressive strain and decrease
the average oxygen concentration (Fig. 5a). In particular,
looking at the increase of IOP from 15 mm Hg to 55 mm
Hg in one eye (Fig. 5d), the average oxygen concentration
decreased from 40.3 mm Hg O2 to 36.8 mm Hg O2, and
the hourglass pattern became more pronounced. Also, we
found that eyes with higher IOP (55 mm Hg) were more
likely to contain hypoxic tissue. Our study provides a first
glimpse of the direct impact of IOP on LC blood flow and
oxygen distribution, and the results suggest that an elevated
IOP may contribute directly to neural tissue ischemia.
When the IOP was raised from 18 mm Hg to 55 mm Hg
in 2000 eyes, we observed that the cup depth and the LC
stiffness had become the most important parameters that
influence the magnitude of change in oxygen concentration
(Fig. 6). We found that the decline of oxygen concentration
(when IOP was raised) was greatly magnified with a greater
cup depth and a weaker LC; however, both of these param-
eters were found to be insignificant in affecting the average
oxygen concentration in general (Fig. 4a). The effects of
cup depth was particularly interesting because the effect of
cup depth on stress and strain of the ONH was considered
limited,52 and its influence only became prominent when
we considered it together with IOP changes. In short, the
LC cup depth and LC stiffness would aggravate the effects
of the change in IOP. This example highlights the complex
interactions that may arise among parameters and how we
could utilize the model in a specific context to address
clinically relevant questions.
The IOP, in terms of ranking, had less of an impact
on oxygen concentration as compared with other factors.
Because the IOP-induced compressive strain in the LC
was relatively low (up to 2.5%), it therefore makes sense
that microcapillaries would not be affected that much by
such deformations. It also means that an elevated pressure
range normally observed in glaucoma patients (25–35
mm Hg53) would have minimal effects on the average LC
oxygen concentration. Despite the small impact that an
elevated IOP had on the oxygen concentration, this effect
may become significant over a long progression period of
glaucoma disease.
The following limitations apply to this study. First, we
modeled the LC as a surface, similar to our previous study.12
This is not biologically accurate, as the LC has a thickness
of approximately 270 μm,54 and recent studies have high-
lighted a degree of tortuosity of the LC microcapillaries
through the LC depth.16 However, the LC thickness value
was small compared with its radius, and our model should
provide a good approximation of the general oxygenation
state of the LC along its middle cross-section but not in its
anterior and posterior regions. Future studies could incor-
porate a full three-dimensional model of the LC, providing
detailed histological data can be obtained.
Second, the artificial LC microcapillary network used in
our work may not be an accurate representation of the phys-
iological network. We constructed our LC microcapillary
network based on the reported values of pore size (in terms
of area, not volume), the arrangement of the collagen beam,
the size of the LC, and curvature. Several important parame-
ters that could impact our results have not been reported in
earlier literature, such as the LC microcapillary lumen diam-
eter, density of the microcapillary, and extent of connectivity
among vessel branches. We assumed here that the LC micro-
capillary existed only inside the collagen beam and that
the vessel branches were fully connected to each other, but
these aspects remained to be investigated physiologically.
In addition, as a result of the assumption that the LC had no
thickness, the connective tissue volume fraction55 was not
represented in our study. In order to formulate a more accu-
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rate model for LC hemodynamics, we would need additional
physiological data for the microcapillary network, particu-
larly quantification of its morphology in three dimensions,
and we would need to revisit our assumptions to recreate a
model that accounts for the full thickness the LC tissue.
Third, we modeled microcapillary compression under
strain as a change in radius of a circular cross-section. This
assumption simplified the solid–fluid interaction of our
model and allowed us to perform an approximation of LC
blood flow without using a three-dimensional mesh for the
capillaries, which would be costly computationally. Hemo-
dynamics in microcapillaries of this size (8 μm) is very
complex because of the phase separation phenomenon
between red blood cells and the plasma layer. We have
accounted for this phase separation effect56 to a certain
degree by adopting the relationship between the viscosity
and tube diameter (circular cross-section) as described
by Pries et al.34 However, as illustrated in Figure 1d, the
microcapillaries would be more appropriately described
by an ellipsoid cross-section30 when they are compressed,
rather than a circular one, and our approximation of the
properties of blood flow (e.g., viscosity) may not be accu-
rate. Unfortunately, there was no experimental information
available for microcapillary hemodynamics in a complex
lumen geometry. It was likely that we underestimated the
effects of reduction in blood flow velocity when it was
compressed, as irregularly shaped microcapillaries can
further disrupt the lubricating plasma cell-free layer.57
Fourth, we assumed steady-state approximations in our
models, and the cyclic nature of IOP58 and CSFP59 were
neglected. The IOP can vary at a rate of 2.7 mm Hg/s58 due
to ocular pulse. Also, the CSFP was shown to be pulsatile
and out of sync with IOP fluctuations59; thus, the translami-
nar pressure that is the main determinant of the compressive
strain is dynamic. A transient model of both biomechanics
and hemodynamics should be developed in the future to
study the effects of dynamic loading on LC blood flow.
Fifth, we modeled a one-way interaction of biomechan-
ical forces and hemodynamics; thus, we did not account
for the forces exerted by blood flow on the ocular tissues.
Considering a macroscale model of the ONH (a homoge-
neous LC with uniform biomechanical properties), a change
in microcapillary blood pressure in the LC tissue may alter
its stiffness (e.g., the LC will become stiffer with an increase
in microcapillary pressure) and the magnitude of micro-
capillary compression.60 An eye model with solid–fluid
interaction that includes a feedback loop will be the target
for our next work, and it will be especially useful when we
want to look at dynamic models accounting for variations
in IOP and blood pressure.
Sixth, autoregulation, a parameter that can directly affect
the radius of the microcapillaries, was not included in our
study. It has been suggested that autoregulation impairment
at the ONH could be a contributing factor in glaucoma
development.61 Our model could readily accommodate
any parameters that affect the radius through the addition
of further governing equations that fit the experimental
data. However, autoregulation in the LC has not been
well characterized, due to the limited penetration depth
of conventional techniques to measure blood flow (e.g.,
laser speckle flowgraphy and laser Doppler flowmetry),
and current measurements have been limited to the pre-
laminar region only.62,63 We believe that more information
is required before we can come up with a biologically
accurate model of LC autoregulation. Notwithstanding these
challenges, inclusion of autoregulation in the model remains
our primary goal for future improvements.
Seventh, we did not model the geometry of blood vessels
surrounding the LC, such as the Circle of Zinn-Haller (CZH)
and the central retinal vein (CRV). The IOP elevation could
compress the CRV,64 reducing the perfusion pressure; thus,
the impact of IOP on the LC hemodynamics could be more
dramatic. The same reasoning applies for the CZH and
relevant arteries65 surrounding the ONH. The logical next
step would be to include the CRV geometry in our model,
which has been attempted in a computational study.66
Because the CZH structure was more elusive, we would
need more information about its morphology before we
could include it in a computational model.
Eighth, we assumed a linear relationship between each
study parameter in Table 1 and oxygen concentration. We
also used multivariable linear regressions to determine the
importance of each parameter; however, the relationships
may not be linear, and some relationships may also exhibit
weak linear correlations. To accurately predict the relation-
ships between each study parameter and the average oxygen
concentration, each parameter would have to be isolated and
studied in full detail with many more simulations (which is
beyond the scope of the present work). Also, one should be
cautious in interpreting the rankings of the less important
variables—particularly scleral stiffness, LC stiffness, CSFP,
and cup depth—as the magnitude of the beta coefficients
were similar and the rankings may not be definitive.
Ninth, the maximum oxygen consumption rate (M0) of
the RGC tissue and the oxygen concentration that can cause
RGC tissue hypoxia have never been measured. We have to
approximate the values for both of these parameters, which
introduces uncertainties to our conclusion about hypoxia
and oxygen concentration. We believe that it is very crucial
to characterize the oxygen consumption rate of the RGC
in order to fully understand the clinical implications of the
variations in ONH blood flow.
Finally, LC blood flow and oxygen concentration have still
not been characterized accurately with current imaging tech-
niques, which make it difficult to validate our models. Never-
theless, recently there have been promising efforts to image
blood flow volume in the microcapillaries,67 and we expect
relevant experimental data to be available in the near future.
In summary, we have implemented a comprehensive
computational framework to study the effects of IOP and
a wide range of other parameters on the hemodynamics
of the LC. Our results complement clinical observations,
such as the presence of an hourglass pattern for the
oxygen concentration and the adverse effects of IOP, that
could potentially be useful to further our understanding
of glaucoma. In the future, our approach could readily be
improved with the addition of experimental data and has
the potential to ultimately become a numerical testbed for
the study of glaucoma.
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